centrations of LDL-cholesterol show large interindividual variation even in persons carrying the same LDLR gene sequence variation (8 ) . However, in general, compared with persons who do not have FH, heterozygotes have 2-to 3-fold higher plasma concentrations of LDL-cholesterol and homozygotes have 6-to 8-fold higher concentrations.
Sequence variations in the LDLR gene have been categorized into 5 different classes based on biophysical and functional characteristics. The class of sequence variations and the resulting defective protein are suggested to impact on clinical phenotype (5, 9 ) . Class 1 sequence variations produce no immunologically detectable protein, and the most frequent types of class 1 sequence variations are nonsense and deletion sequence variations (10 ) . Class 2 sequence variations are the most common, and encode proteins that are blocked, either completely (class 2A) or partially (class 2B), in their transport from the ER to the Golgi apparatus (11 ) . Class 3 sequence variations encode proteins that are synthesized and transported to the cell surface but fail to bind LDL normally (9 ) . Sequence variations that encode receptors that move to the cell surface and bind LDL normally but are unable to cluster in clathrin-coated pits are denoted class 4 sequence variations (6, 12 ) . Class 5 sequence variations produce receptors that bind ligands in coated pits but fail to release them at acidic pH in endosomes, and thus do not recycle to the cell surface (13 ) .
The most extensive classification of sequence variations in the LDLR gene is based on cultured fibroblasts of FH-homozygous persons (9 ) . Homozygous FH is rare; therefore, to mimic the homozygous situation and to perform classification, cell lines are transfected with plasmids carrying the LDLR sequence variations.
In this report we describe a cell model system for the phenotypic characterization of disease-causing sequence variations in the LDLR gene and use the previously characterized sequence variations p.G565V, p.I161D, p.Y828C, and p.V429M as model sequence variations for classes 2 to 5, respectively. Confocal laser microscopy and flow cytometry are systematically used to determine the cellular localization and biological activity of the mutant LDLR. The model can be used to identify the effects that the particular sequence variations will have on receptor function.
Materials and Methods mutagenesis, cloning, and expression of LDLR
We constructed the plasmid pcDNA4-LDLR by transferring LDLR cDNA from the plasmid pGEM 3zfϩ, which contains the open reading frame of LDLR cDNA (kindly provided by Dr. Niels Gregersen, Aarhus University Hospital, Aarhus, Denmark) to pcDNA4/TO (Invitrogen Corporation). The LDLR plasmid contained an enhanced yellow fluorescent protein (EYFP) sequence fused to the 3Ј end of the LDLR coding sequence to facilitate sorting of transfected cells and to visualize LDLR expression in living cells. pcDNA4-LDLR-EYFP was constructed as described in Sørensen et al. (14 ) .
We created the following sequence variations in the LDLR gene: class 2A, p.G565V; class 3, p.I161D; class 4, p.Y828C; and class 5, p.V429M. These sequence variations are also denoted in the FH sequence variation databases as G544V, I140D, Y807C, and V408M, respectively. Sequence variations were introduced by oligonucleotidedirected mutagenesis using the QuickChange XL Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. The following oligonucleotides were used: 5Ј-ATTCAGTGGCCCAATGTCATCACCCTAGAT-3Ј (mutated base in bold) was used to change the codon GGC, which encodes G565, to GTC, which encodes V; 5Ј -CAACAGCTCCACCTGCGACCCCCAGCTGTG -3Ј
(mutated bases in bold) was used to change the codon ATC, which encodes I161, to GAC, which encodes D; 5Ј-TGACAACCCCGTCTGTCAGAAGACCACAGA-3Ј
(mutated base in bold) was used to change the codon TAT, which encodes Y828, to TGT, which encodes C; 5Ј-CAACCTGAGGAACATGGTCGCTCTGGACAC-3Ј
(mutated base in bold) was used to change the codon GTG, which encodes V429, to ATG, which encodes M.
The region containing the entire cDNA coding region was confirmed by DNA sequencing. The tetracycline-regulated expression (T-Rex)-CHO cell line carries the plasmid pcDNA6/TR (cat. no. R718-07; Invitrogen), which stably expresses the tetracycline (Tet) repressor. This system makes possible induction of gene expression by addition of tetracycline to the cell culture medium. The T-Rex-CHO cell line was maintained in Ham's F-12 medium containing blasticidin (10 mg/L; Invitrogen) and supplemented with 100 m/L fetal bovine serum (FBS; Euroclone), 50 kIU/L penicillin, and 50 mg/L streptomycin. HepG2 cells (cat. no. 85011430) obtained from European Collection of Cell Cultures were grown in EMEM supplemented with 100 m/L FBS, 50 kIU/L penicillin, 50 mg/L streptomycin, 2 mmol/L l-glutamine and 10 ml/L nonessential amino acids (Invitrogen). HepG2 cells were grown in cell culture flasks coated with collagen 1 (BD Biosciences). Cell growth media containing the above-mentioned ingredients are hereafter designated "complete medium".
T-Rex-CHO cells were transfected with the pcDNA4/TO containing cDNA that encoded wild-type or mutant LDLR by lipid-mediated transfection (Lipofectamine 2000 Reagent; Invitrogen). The Zeocin resistance gene in pcDNA4/TO allows selection of a stable CHO cell line by use of Zeocin (100 mg/L; Invitrogen). Gene expression was induced with tetracycline (1 mg/L), and cells expressing the EYFP tag were sorted out in a FACS-Diva flow cytometer (BD Biosciences). The expression of the wild-type and mutant forms of LDLR in the stably transfected cells was similar, as evaluated by Northern blot analysis (Fig. 1 ).
HepG2 cells were plated at a density of 3-5 ϫ 10 4 cells/cm 2 in a 6-well dish or on a culture slide, and were transiently transfected with DNA 1-2 days after plating. Briefly, 6 L of jet PEI Cationic Polymer Transfection Reagent (Qbiogene) was mixed with 3 g of plasmid DNA, both diluted in 100 L of NaCl (150 mmol/L) and incubated for 25 min at room temperature. The mixture was then added to the cell culture medium and incubated overnight at 37°C. The cells were used in experiments 1 day after transfection. 25-Hydroxycholesterol (5 mg/L) was added to the cell culture medium to decrease the endogenous synthesis of LDLR. The transfection efficiency was evaluated in cells expressing LDLR coupled to the EYFP tag and analyzed by flow cytometry. The obtained transfection efficiency was 30%-35%. northern blot analysis mRNA was isolated by use of oligo(dT) 25 Dynabeads (Dynal Biotech), as described by the manufacturer. mRNA was eluted in 0.05 mol/L MOPS (pH 7.0) containing 1 mmol/L EDTA, 56 mL/L formaldehyde, and 400 mL/L formamide. Loading buffer (2 mmol/L sodium phosphate buffer, 10 mL/L Ficoll 400, and 0.25 g/L bromphenol blue) was added, and the mRNA was separated on 1% agarose gels containing 67 mL/L formaldehyde. RNA was blotted on a nylon membrane (Hybond N ϩ ; Amersham Biosciences), and hybridization was carried out according to Church and Gilbert (15 ) . For detection of human LDLR and ␤-actin mRNA, the probes pSP 15 (16 ) and the mouse ␤-actin cDNA (cat. no. A9715; Sigma-Aldrich), respectively, were used.
confocal laser scanning microscopy
We used confocal laser scanning microscopy to determine the cellular location of the LDLR-EYFP fusion protein and LDL internalization in transfected cells. Receptor proteins located on the cell surface and intracellularly were differentially visualized by immunohistochemical staining techniques. Briefly, T-Rex-CHO and HepG2 cells were plated on fibronectin-or collagen I-coated glass slides, respectively (BD Biosciences) and allowed to adhere overnight before incubations or transfections. For studies of binding and internalization of LDL, fluorescently labeled 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI)-LDL (20 mg/L; Molecular Probes) was added to each well, and cells were incubated at 37°C for 4 h. After the incubation, the medium was removed, and the cells washed with probe-free medium. For staining of cell-surface receptors, the cells were blocked in phosphate-buffered saline (PBS, 200 mg/L KCl, 200 mg/L KH 2 PO 4 , 8 g/L NaCl, 2.16 g/L Na 2 HPO 4 -7H 2 O) supplemented 5 g/L bovine serum albumin (PBS-0.5% BSA) for 1 h at ambient temperature, and then incubated on ice for 5 min before incubation with monoclonal antibody (mAb) IgG-C7 (2.5 mg/L; Progen Biotechnik GmbH) for 1 h at 4°C (17 ) . Cells were then washed 3 times at 4°C in PBS containing 1 g/L BSA (PBS-0.1% BSA) and fixed in a methanol-free solution containing 40 mL/L formaldehyde (Sigma-Aldrich) for 5 min on ice and for an additional 15 min at room temperature. The fixed cells were washed 3 times with PBS-0.1% BSA and then incubated with Alexa Fluor 555-or 568-conjugated goat anti-mouse IgG (1:500; Molecular Probes) for 45 min in the dark. For intracellular detection of the receptor, the cells were incubated with mAb IgG-C7 (2.5 mg/L) for 1 h at 4°C, washed, and then incubated for 10 min at 37°C. Cells were then fixed as described above and permeabilized by incubation in PBS containing 1 mL/L Triton X-100 and 10 mmol/L glycine for 10 min at room temperature. Cells were then washed 3 times in PBS-0.1% BSA and incubated with either concanavalin A tetramethylrhodamine conjugates (an ER marker; 1:400; Molecular Probes), anti-early endosome antigen 1 conjugated to fluorescein isothiocyanate (EEA1:FITC; 1:100; BD Biosciences) or anti-clathrin heavy chain:FITC (1:100; BD Biosciences) for 1 h at room temperature. After 3 washes, the cells were incubated with Alexa Fluor 555-conjugated goat anti-mouse IgG (1:500) for 45 min in the dark. Cells were then washed 3 times in PBS-0.1% BSA. The slides were equilibrated and mounted with SlowFade Anti Fade Kit with 4Ј,6-diamidino-2-phenylindole (DAPI; Molecular Probes) and sealed with nail polish. Fluorescent images were obtained on a Leica laser-scanning confocal microscope with the 100ϫ oil objective and analyzed by Leica confocal software (Leica Microsystems Ltd.). Image processing was carried out with PhotoShop, Ver. 5.5 (Adobe Systems).
lipoprotein isolation
From freshly prepared plasma collected from healthy persons who had fasted overnight before venipuncture, LDL was isolated by sequential ultracentrifugation in a Beckman Coulter Optima LE-80K ultracentrifuge (Beckman Coulter) in the density range 1.019 -1.063 kg/L in an ultrarotor 70TI (Beckman Coulter) (18 ) . The final preparations were dialyzed extensively against PBS containing 0.2 mmol/L EDTA (pH 7.4), sterilized by passage through LDLR function. LDL was labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindodicarbocyanine perchlorate (DiD) (Molecular Probes) according to the procedure of Pitas et al. (19 ) . DiD is an analog of DiI with markedly red-shifted absorption and fluorescence emission spectra; this characteristic is useful for 2-color labeling. There is no spillover of signals between the detectors that measure DiD and EYFP.
T-Rex-CHO cells (0.5 ϫ 10 6 cells) were grown in cell culture medium supplemented with tetracycline (1 mg/L) for 24 h in 6-well plates. The effect of increasing concentrations of fluorescently labeled LDL (0, 2, 5, 10, or 20 mg/L), as well as the time course of uptake (0, 15, 30, 45, 60, 120, and 240 min) in CHO cells stably transfected with wild-type LDLR, showed that the increase in binding and internalization of LDL was linear with LDL concentration and time of incubation. Thus, LDL concentrations of 10 or 20 mg/L and incubation times of 2 or 4 h were chosen for further experiments. After the LDL incubation, the medium was removed, and the cells were washed with probe-free medium. The cells were detached from the culture dish and fixed, as described above.
HepG2 cells were transfected and incubated as described above. Cells transfected with an empty pcDNA4/TO plasmid were used to correct for nonspecific binding of DiD-LDL in HepG2 cells. Transfection efficiencies were visualized by means of the EYFP tag fused to the LDLR, and any differences were allowed for in the calculations.
labeling of ldl with iodine-125
One aliquot of LDL was labeled with 125 I-labeled tyramine cellobiose (20 ) . More than 98% of the radioactivity was precipitated by 100 g/L trichloroacetic acid. The advantage of labeling a protein with radioiodinated tyramine cellobiose is that the radiolabel is trapped in the organelles where degradation of the protein takes place. Before use, the 125 I-labeled lipoproteins were diluted with unlabeled LDL to a specific activity of 100 cpm/ng of protein.
125 I-labeled LDL was stored in the presence of EDTA under argon at 4°C and used within 2-3 weeks.
binding, internalization, and degradation studies of 125 i-labeled ldl
The assays were performed as described by Goldstein et al. (21 ) . Briefly, cells were grown in cell culture medium supplemented with tetracycline (1 mg/L) for 24 h in 6-well plates, as described above. For binding experiments, cells were placed for 30 min at 4°C. The growth medium (Ham's F-12 medium containing 10 mg/L blasticidin and supplemented with 100 mL/L FBS, 50 kIU/L penicillin, 50 mg/L streptomycin, and 2 mmol/L lglutamine) was removed and replaced with ice-cold medium containing 125 I-labeled LDL (10 mg/L LDL; 100 cpm/ng of protein). After the 2-h LDL incubation, the cells were washed extensively, and the homogenized cell fractions were precipitated by an equal volume of trichloroacetic acid (200 g/L), and counted on a gamma counter (Packard Cobra Gamma Counter). We determined the specific binding by subtracting the amount of 125 I-labeled LDL bound in the presence of a 20-fold excess unlabeled LDL from that bound in its absence. For uptake and degradation experiments, cells were incubated at 37°C for 2 h. Uptake and degradation of labeled LDL were calculated from the trichloroacetic acid-insoluble plus the soluble fraction and the soluble fraction, respectively. Nonspecific cell-associated or degraded LDL was always Ͻ5% of the total in cells expressing the wild-type LDLR. The protein content of cells was measured by use of a BCA Protein Assay Kit.
detection of ldlr by radiolabeled antibody
The receptor was also detected by IgG-C7 radiolabeled with secondary 125 I-labeled anti-mouse IgG antibody (0.2 Ci/mL; Amersham Biosciences) to confirm the results obtained with fluorescently labeled antibody. After the incubation, the cells were washed extensively, and the homogenized cell fractions were precipitated by an equal volume of trichloroacetic acid (200 g/L) and counted on a gamma counter.
statistical analysis
Values are reported as the mean (SD) of the indicated samples and number of experiments for all analyses.
Results confocal laser scanning microscopy analysis of wild-type and mutant ldlr in cho cells CHO cells stably transfected with wild-type or mutant LDLR were analyzed by confocal immunofluorescence microscopy to study the intracellular location of mutant receptors.
To determine whether the cellular localization of LDLR was affected by introduction of an EYFP tag, we evaluated CHO cells expressing wild-type LDLR, with or without EYFP tag, by confocal microscopy ( Fig. 2A) . Both showed a membrane-associated expression pattern, and both could efficiently bind and internalize fluorescently labeled LDL. In addition, we have previously shown that the EYFP tag does not interfere with the maturation of wild-type LDLR from the M r 120 000 precursor to the M r 160 000 mature form irrespective of whether the receptor had an EYFP tag (14 ) . In the following experiments, we used CHO cells stably transfected with LDLR constructs containing the EYFP tag.
We studied the intracellular location of the mutant receptors and their ability to bind and internalize LDL (Fig. 2B) . The class 2A p.G565V sequence variation exhibited an intracellular distribution of LDLRs with no active receptors on the cell surface as determined by the failure to internalize LDL. The class 3 p.I161D and class 4 p.Y828C sequence variations gave surface staining but had decreased ability to bind and internalize LDL. The class 5 p.V429M sequence variation exhibited an intracellular distribution similar to that of the class 2A p.G565V sequence variation.
To further characterize the different classes of sequence variations, we compared subcellular localization of the mutant LDLRs with known markers of cellular compartments. Class 2A mutant LDLRs are completely retained in ER (22 ) . We used rhodamine-conjugated concanavalin A to visualize ER in transfected CHO cells expressing either the wild-type or the class 2A p.G565V mutant LDLR. The EYFP tag was used to detect the LDLR. The class 2A p.G565V sequence variation produced a protein that was colocalized with the ER marker (Fig. 3A) . As shown in Fig. 2B , the class 5 p.V429M mutant receptor exhibited intracellular distribution. The class 2 mutant receptors are retained in the ER, whereas class 5 mutant receptors are transported to the cell surface, internalized, and trapped in the endosomes. We stained permeabilized CHO cells expressing wild-type or mutant LDLR with an early endosome antigen (EEA1) to study whether the class 5 p.V429M mutant receptor assembled in this compartment because of a recycling defect (Fig. 3B) . Early endosomes are cellular compartments that receive endocytosed material and sort them for vesicular transport to late endosomes and lysosomes or for recycling to the plasma membrane (23 ) . We used cells that were stably transfected with wild-type LDLR or class 5 p.V429M mutant LDLR without the EYFP tag, which allowed us to use the EEA1 FITC-conjugated marker and thus avoid problems with overlapping fluorescence spectra between FITC and EYFP. LDLR was visualized by use of C7 mAb detected by an Alexa Fluor 555-conjugated IgG antibody. The C7 mAb does not recognize the endogenous hamster LDLR (17 ) . As shown in Fig. 2B the class 5 p.V429M mutant LDLR accumulated in early endosome compartments, as opposed to the wild-type protein (Fig. 3B) .
Class 4 mutant LDLRs have been described to be unable to assemble in clathrin-coated pits (24 ) . Clathrin is the major protein component involved in receptor-mediated endocytosis (25 ) . We analyzed the colocalization of wild-type and class 4 p.Y828C mutant receptor with clathrin, and as indicated in Fig. 3C , the class 4 p.Y828C mutant receptor did not colocalize with clathrin, in contrast to the wild-type LDLR.
In summary, by determining the subcellular location of the receptors in combination with intracellular markers, we were able to show that the class 2 p.G565V mutant receptor was localized in the ER, that the class 5 p.V429M mutant receptor accumulated in early endosomes, and that the class 4 p.Y828C mutant receptor was not localized in clathrin-coated pits. However, to analyze the phenotypic characteristics of LDLR mutant classes, flow cytometric analyses were included.
flow cytometric analysis of cell-surface ldlr and binding and uptake of ldl in cells expressing wild-type and mutant ldlr
The immunofluorescence studies described showed that the different classes of sequence variations in the LDLR gene affected the amount of cell-surface receptor and function of the LDLRs. We measured cell-surface LDLR in nonpermeabilized CHO cells by use of the C7 mAb. The receptor activity was determined by DiD-LDL incubations.
The class 2A p.G565V and class 5 p.V429M mutants expressed no surface LDLR proteins, whereas the class 2 labeling procedures revealed any significant differences in the expression of surface LDLRs.
We studied LDLR activity by incubating the CHO cells with DiD-LDL. Measurements revealed that all sequence variations impaired the ability of LDLR to internalize LDL (Fig. 5A) . Cells expressing class 2 p.G565V and class 5 p.V429M mutant receptors had, as expected, almost no detectable residual activity. Cells expressing class 3 p.I161D and class 4 p.Y828C mutant receptors displayed 28% and 53% residual activity, respectively, compared with cells expressing wild-type LDLR. The binding efficiency for LDL in cells expressing the class 4 p.Y828C mutant LDLR was similar to the efficiency for cells expressing wild-type LDLR (Fig. 5B) . With respect to the class 3 p.I161D mutant, the binding of LDL was reduced by 80%.
We included phenotypic characterization of the LDLR in transiently transfected HepG2 cells to determine whether cell type variation was present. As shown in Fig.  6 , the uptake of DiD-LDL in HepG2 cells expressing class 2 p.G565V and class 3 p.I161D mutant receptors resembled that of CHO cells. However, the class 4 p.Y828C mutant receptor internalized 38% of labeled LDL, as opposed to 53% by the CHO cells, compared with wildtype cells. The class 5 p.V429M mutant receptor had a higher LDL uptake in HepG2 cells than in CHO cells.
In summary, flow cytometry allowed us to determine, in a more quantitative way, the amounts of cell-surface LDLRs and binding and internalization of LDL, compared with confocal microscopy analysis. Phenotypic characterization of the LDLR in transfected CHO or HepG2 cells may demonstrate that a slight cell type variation is present. To confirm the results of binding and cell association of fluorescently labeled LDL, we performed 125 I-LDL assays, which are acknowledged as the gold standard for LDL metabolism, in transfected CHO cells (Fig. 7) . LDL binding (Fig. 7A) , carried out at 4°C for 2 h, was absent for the class 2 p.G565V and class 5 p.V429M mutants and was present in only 15% for the class 3 p.I161D mutants, compared with wild-type. Wild-type and class 4 p.Y828C mutant cell lines demonstrated similar binding of labeled LDL.
In accordance with the minimal LDL binding, the amount of 125 I-LDL that was contained within the cells (Fig. 7B) and degraded (Fig. 7C) was decreased by ϳ75% in the cells expressing the class 3 p.I161D mutant receptors compared with wild-type. With respect to class 2 p.G565V and class 5 p.V429M mutant receptors, the internalization and degradation of 125 I-LDL were minimal (Fig. 7, panels B and C, respectively) . [Total internalization is the sum of the amount of LDL that had been degraded plus the amount of LDL that was still contained within the cell (6 ) .] Approximately 30 ng/mg was bound to the surface. Thus, the cells had internalized ϳ5 times as much LDL as was bound to the surface after 2 h of incubation. When the cells were transfected with the wild-type, these cells had internalized 8 times as much LDL as was bound to the surface. In spite of the relatively high uptake of 125 I-LDL for this sequence variation, it indicated that the class 4 p.Y828C mutant had 60% decreased proteolytic degradation of LDL in lysosomes. On degradation of the radiolabeled protein, the label is not itself degraded, but left behind in the cells as a cumulative marker of the amount of degradation that occurs in those cells (20 ) . Although it is easy to use the versatile labeling of LDL with fluorescence, it is not possible to quantify the degradation products of LDL (26 ) .
In summary, the results from the 125 I-LDL assay confirmed the results obtained by flow cytometric analysis of DiD-LDL binding and cell association. Thus, flow cytometry appears to be a valid replacement for the 125 I-LDL assay.
Discussion
In this report we have classified known sequence variations in the LDLR gene by use of a cell model system in combination with confocal laser microscopy and flow cytometry. CHO and HepG2 cells were transfected with an LDLR-EYFP fusion protein. After having verified that the EYFP tag did not affect intracellular traffic or receptor function, we used the fusion protein to develop methods for characterizing LDLR sequence variations in transfected cells. Sequence variations in the LDLR gene were introduced by oligonucleotide-directed mutagenesis to create the different classes of sequence variations. This permits the functional analysis of allelic variants found in heterozygous FH individuals who inherit 1 mutant LDLR allele. The presence of the wild-type allele in FH heterozygotes makes direct analysis difficult. Using confocal laser microscopy and flow cytometry methods, we were able to perform phenotypic characterization of 4 mutant LDLRs.
The results were confirmed by radiolabeled LDL. In accordance with Schmitz et al. (27 ) , we documented that the binding characteristics of DiI-LDL were similar to those of iodide-labeled LDL.
The class 2A mutant receptor p.G565V has previously been shown to be completely retained in the ER (14, 28 ) . Our confocal images showed an intracellular distribution of p.G565V mutant LDLR colocalized with an ER marker and no active receptors on the cell surface.
As shown in Fig. 5B and Fig. 7A , the binding of fluorescently labeled and radiolabeled LDL by the class 3 p.I161D mutant was reduced by 80% and 85%, respectively, although this is not as dramatic as the reductions in binding reported by Russell et al. (29 ) . They reported a 98% decrease in 125 I-LDL binding in COS cells transfected with plasmids harboring the class 3 mutant receptor.
The residual activity determined for the class 4 p.Y828C mutant LDLR is higher than shown in other systems (Figs. 5, 6 , and 7). It has been reported that only 5% of the receptor is internalized in skin fibroblasts from a homozygote with the same sequence variation (24 ) and 30% in a mutant line of CHO cells (ldlA-7) (6 ). A critical point in LDLR activity quantification is the question of which cell type provides the most reliable results. The T-Rex-CHO cell line, which stably expresses the tetracycline repressor, makes it possible to induce high amounts of LDLRs after adding tetracycline to the cell culture medium. Absolute measurements of internalization are difficult in a system in which the receptor cycles rapidly into and out of cells (24 ) . The difference in cell association might also be attributable to the high induction of the receptor in our cell system. Davis et al. (6 ) indicated 2 possibilities that might account for the discrepancy between primary human cells and CHO cells: (a) hamster cells may have a more rapid rate of nonspecific incorporation of the LDLR into clathrin-coated pits compared with human fibroblasts; and (b), the transfected cells may internalize receptors through noncoated pit pathways more rapidly than do human fibroblasts. However, in terms of nonspecific incorporation into clathrin-coated pits, the indicated fluorescence in our experiments represents specific binding of LDLRs or internalization of LDL in CHO cells. This is obtained by subtracting the fluorescence from cells that are not induced with tetracycline, and thus do not express the receptor, but are otherwise treated identically as cells induced by the drug. We found that the class 4 p.Y828C sequence variation did not colocalize with a clathrin marker in CHO cells, as opposed to the wild-type, in an experiment using fluorescent probes detected by a confocal laser microscopy ( Fig. 3C) , indicating that the receptor was incorporated through pathways other than via clathrin-coated pits. According to the lack of colocalization of the receptor and the clathrin marker, we suggest that this sequence variation has an internalization defect and could be classified as such. In addition, the decreased degradation of radiolabeled LDL confirms the deficiency. It might be possible to demonstrate the internalization defect more clearly if the CHO cells are incubated at a lower temperature (20°C) instead of 37°C, at which noncoated pit internalization might be relatively less important (27 ) . We transiently transfected HepG2 cells with mutant LDLRs and found that the class 4 p.Y828C mutant receptor internalized 38% of labeled LDL, as opposed to 53% by the CHO cells, when compared with wild-type. The demonstrated cell type variation may possibly be caused by the presence of PCSK9, a proprotein convertase, in the HepG2 cells. PCSK9 is highly expressed in HepG2 cells but expressed only in low amounts in CHO cells (30 ) . Studies have suggested that PCSK9 acts through a posttranscriptional mechanism to negatively regulate LDLR protein concentrations (31 ) . The class 5 p.V429M mutant LDLR encoded a protein that resided only intracellularly, as shown both by confocal microscopy and flow cytometric assays (Fig. 2B and Fig. 4 ). This is probably because the cells were incubated in medium containing bovine serum. As a result, the lipoproteins bind to the LDLRs, which are internalized but cannot recycle, because of the recycling defect in this mutant receptor (32 ) . It has been reported that if recycling does not occur in fibroblasts, all of the LDLR would be consumed within 10 min after exposure to LDL (33 ) . We have confirmed by a pulse-chase experiment for the class 5 mutant that a mature LDLR band appeared after a chase of 1 h, but thereafter decreased in intensity and vanished over time because of degradation (data not shown).
To verify that the p.V429M LDLR mutant could be classified as a class 5 and not a class 2 sequence variation, we used an immunofluorescence staining technique to show that the LDLR protein produced by the class 5 sequence variation accumulated in early endosome compartments (Fig. 3B) . This is in accordance with Chang et al. (34 ) , who reported that sequence variations in the epidermal growth factor domain of LDLR give rise to an endosomal staining pattern. This is the first time that a cell model has been used to apply many different methods for systematically distinguishing the different classes of sequence variations. Others (35 ) have reported a rapid characterization of sequence variations in the LDLR gene, but have not included confocal laser microscopy to determine the subcellular location of the LDLR-EYFP fusion protein and LDL internalization in the transfected cells. We argue that this method is crucial for correct classification. In addition, we have included phenotypic characterization of the LDLR in transiently transfected HepG2 cells to determine whether cell type variation was present. Lastly, our use of flow cytometry to analyze binding and cell association of fluorescently labeled LDL has been validated by 125 I-LDL assays, which are acknowledged as the gold standard for LDL metabolism assays.
In conclusion, we have developed and validated a novel approach for the phenotypic characterization of sequence variations in the LDLR gene. The assays we have developed will be valuable for confirming the pathogenicity of some of the new missense sequence variations that are found throughout the LDLR gene. Table 1 summarizes the methods chosen for distinguishing the different classes of sequence variations.
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